INTRODUCTION
Increases in cytosolic [Ca2"] occur in many cells in response to physiological stimuli (Exton, 1986) . The consequent rise in mitochondrial [Ca2"] is accompanied by an increase in the rate of respiration and hence an increased supply of ATP to meet the cells' new requirements. This is achieved without changing the [ATPJ/ [ADP][P,] ratio and involves activation of three Ca2"-sensitive enzymes, pyruvate, isocitrate and 2-oxoglutarate dehydrogenases, which regulate citric acid-cycle flux and hence NADH supply for the respiratory chain (see Denton & McCormack, 1985; Denton et al., 1987) . However, in the liver, glucagon and Ca2l-mobilizing hormones increase the NADH/ NAD+ ratio only transiently, while respiration remains stimulated . This may be a result of a Ca2"-mediated increase in matrix volume (Quinlan et al., 1983; , which leads to a stimulation of electron flow through the respiratory chain (Halestrap, 1982; Armston et al., 1982) . Studies in vitro have demonstrated that the Ca2+-mediated increase in mitochondrial matrix volume correlates with an increase in matrix PP, content with half-maximal effects on both seen at 0.3 gM-Ca2+ (Davidson & Halestrap, 1987) . Furthermore, addition of sub-micromolar [Ca2+] to energized mitochondria increases their permeability towards K+ , as does addition of PPi to de-energized mitochondria (Davidson & Halestrap, 1987 . The lack of significant concentrations of cytosolic PP1 is consistent with the widely held view that pyrophosphatase is very active in the cytosol and rapidly degrades cytosolic PP1, so driving those synthetic reactions which produce it to completion (Shatton et al., 1981) . Conversely, the concentration of PPi found in mitochondria and its increase caused by sub-micromolar [Ca2"] suggest that any pyrophosphatase in the mitochondrial matrix is likely to be much less active and may be subject to inhibition by physiological concentrations of Ca2". In this paper we demonstrate that this is the case.
EXPERIMENTAL Materials
The source of all chemicals and biochemicals was as described in Davidson & Halestrap (1987) .
Methods
-Preparation of cytosolic and mitochondrial-matrix fractions from liver and heart. Isolated rat liver and heart mitochondria were prepared and freed of contaminating plasma membranes and microsomes by Percoll densitygradient centrifugation as described previously Whipps et al., 1987; Halestrap, 1987) . Vol. 258 dehydrogenase, adenylate kinase and citrate synthase activities (Vargas, 1982) demonstrated that less than 50 of the pyrophosphatase activity in the matrix fraction was due to contamination by cytosolic or inter-membrane enzymes. A cytosolic fraction was prepared by centrifuging the post-mitochondrial supernatant at 150000 g for 45 min. In this instance the liver was perfused with 0.900 (w/v) NaCl for 1 min to remove contaminating blood before homogenization.
Assay of pyrophosphatase activity. Pyrophosphatase was assayed at 37°C in buffer A containing 0.5 mMNaPPi, 1 mM-EGTA, 1 mM-HEDTA, and addition of MgCl2 and CaCl2 to give the free concentrations of Mg2+ and Ca2' required. Concentrations of Mg2+ and Ca24 were calculated by a computer program from the relevant dissociation constants for the various metal ligand complexes present (Rutter & Denton, 1988) . Where intact mitochondria were present in the assay ( Fig. 1) , [KCI] was raised to 125 mm and bongkrekic acid (10 ,ug/ml) was added to prevent PPi entering the mitochondria . The assay was started by addition of either mitochondria or the soluble mitochondrial matrix or cytosolic fraction. The assay was terminated at the times shown by addition of HCIO4 (final concn. 5 o, w/v), and the PP1 remaining in the neutralized deproteinized extract was determined enzymically (Davidson & Halestrap, 1987 . Enzyme activity was then calculated from the decrease in Enzyme kinetic analysis. Data were fitted to the required kinetic equation by non-linear least-squares regression analysis by using a reiterative computer program (Jones, 1970) .
RESULTS

Subcellular distribution of pyrophosphatase activity
In three separate experiments the mean (± S.E.M.) pyrophosphatase activity in the cytosolic and mitochondrial fractions prepared from rat liver was 1704 + 54 and 261 + 19 munits/mg of protein respectively. These results, which have been corrected for contamination between fractions by using citrate synthase and lactate dehydrogenase (Vargas, 1982) , are similar to the values reported by others (Irie et al., 1970; Shatton et al., 1981) . To confirm that the pyrophosphatase associated with the mitochondria was not due to contaminating cytosolic enzyme, the latency of the mitochondrial activity was demonstrated as shown in Fig. 1 [Ca2+] (AM) Fig. 3 . Inhibition of mitochondrial-matrix pyrophosphatase by Ca2l at different concentrations of Mg2" Pyrophosphatase activity was determined from time courses of PP, hydrolysis as described in Fig. 2 represents membrane-bound enzyme, some of which may be a proton-translocating PPi-synthesizing enzyme (Volk et al., 1983; Baltscheffsky & Nyren, 1984 MgPPi, and Ca2+ inhibits primarily through formation of CaPPi, which is a very strong competitive inhibitor with respect to MgPPi. Free PPi acts as a very weak competitive inhibitor for the same site. As outlined above, we were not able to calculate the Km value for MgPP, from our data, and so have assumed a value of 5 /M, similar to that for the yeast enzyme (Cooperman, 1982) . There is an additional Mg2+-activating site on the enzyme, as shown clearly in the data of Fig. 4 . Ca2+ competes very poorly for Mg2' at this site, and we have ignored this in our analysis. The best-fit values (±S.E.) for all the kinetic parameters derived by least-squares regression analysis of the data are given in Table 1 . Although the kinetic model allows for co-operativity at both the MgPPi-and the Mg2+-binding site, the best fit to the data gives values of the Hill coefficient of 0.98 and 1.01 respectively, suggesting that none occurs. The relationship between
[Mg2+] and the KO.5 for Ca2+ was linear, as shown in Fig.   4 . At 0.3 mM-Mg2+, the probable matrix concentration (Corkey et al., 1986) , the effective Ko5 for inhibition by Ca2+ was 3.7 + 0.4 pm (mean + S.E.M. for three separate enzyme preparations). Similar values were obtained for the enzyme from heart mitochondrial matrix (3.2 uM) and liver cytosol (2.6 /tM), although studies by others suggest that the mitochondrial and cytosolic enzymes are structurally distinct (Volk et al., 1983 
DISCUSSION
Although previous studies on mitochondrial pyro- phosphatases have shown inhibition by Ca2", supraphysiological concentrations of Mg"+ were employed in the assays, and hence effects of Ca2" were only detected at concentrations of Ca2" higher than those which occur physiologically (Irie et al., 1970; Volk et al., 1982) . The significance of the present results is that they demonstrate that inhibition-of the pyrophosphatase by Ca2" may be of physiological importance within the mitochondria. Davidson& Halestrap, 1987 . The present data provide the link between the increase in matrix [Ca2"] and the increase in matrix [PPj] , which is itself responsible for causing liver mitochondria to swell in response to gluconeogenic hormones (Quinlan et al., 1983) . This increase in matrix volume stimulates the respiratory chain, and hence NADH utilization (Halestrap, 1982; Armston et al., 1982; . This is balanced by a simultaneous stimulation of NADH production through activation of the Ca2"-sensitive dehydrogenases (Denton & McCormack, 1985; Denton et al., 1987) . In addition, such hormonally induced increases in the matrix volume of liver mitochondria are capable of stimulating glutaminase activity (McGivan et al., 1985) , fatty acid oxidation (Halestrap & Dunlop, 1986; Halestrap, 1987) , pyruvate carboxylation (Armston et al., 1982; Martin & Titheradge, 1984; Whipps & Halestrap, 1984) and citrulline synthesis (Armston et al., 1982) . These are all stimulated in the perfused liver and isolated hepatocytes by those hormones such as vasopressin and a-adrenergic agonists which increase cytosolic and mitochondrial [Ca2"] (Halestrap et al., 1985) .
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